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Mini autobiography (Giselle normally asks for one!)

 1981, born, near Manchester,
 Stayed there for 26 years,

– 2000-2004: BSc and Masters degree at the University of Manchester,
– 2004-2007: PhD at the University of Manchester,

 2007-present, Argonne National Laboratory, Illinois, USA,
– Subject of choice: experimental nuclear-structure physics.
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Outline

The hypothesis that is neutrinoless double beta decay (some background first)

Nuclear matrix elements, their importance and the problem

An experimentalists rationale

How we access the numbers we want: tools of the trade

A series of experiments

The final picture, and also a slight shrug of the shoulders (our results require some 
interpretation by the community)
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Beta decay and neutrinos (the ‘small neutral ones’)

Beta decay is the most common form of radioactive disintegration:
β– decay, emission of an electron (e–) and an antineutrino (ν),

The neutrino came about because of the electron energy distribution for beta 
decay is continuous – W. Pauli proposed a second particle present [1934], later 
named the neutrino by E. Fermi [1934]. More about the neutrino in a few slides.
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β– decay:
64Cu ➝ 64Zn + e– + ν 

64Zn
30p,34n

64Cu
29p,35n

z

n
64Ni
28p,36n

Isobaric chain
Eelectron



Double beta decay with neutrinos

Ordinary beta decay in heavier nuclei can be energetically forbidden (or strongly, 
strongly prohibited), however a simultaneous emission of two beta particles is not: 
double beta decay. E.g.

This has been observed in several isotopes, 76Ge, 82Se, 100Mo, 116Cd, 128Te, 130Te, 
150Nd, etc.

The half lives are incredibly long: ~1019 years and longer
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2β– decay:
76Ge ➝ 76Se + 2e– +2ν 
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e.g. 76Ge ➝ 76Se + 2e– 

Double beta decay without neutrinos – a long-standing 
hypothesis based on E. Majorana’s neutrino thoughts

They are several proposed candidates for this (is it energetically possible)

Half-life estimates are ~1022 years and greater

Why is this so exciting? 
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Neutrinoless double beta decay
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Neutrinoless double beta decay, if observed, would prove neutrinos are their own 
antiparticles, differing only by their helicity

(Majorana’s hypothesis from the 1930’s)

Observation could provide the first determination of the neutrino mass if the 
nuclear matrix elements known

Is lepton number conserved? No! unless ‘new physics’
(Standard-Model-of-Particle-Physics consequences)

Intense efforts (and investments) are under way in search of this decay process
(Majorana 76Ge, Cuore 130Te, EXO 136Xe, GERDA 76Ge, NEMO Mo,Se, Heidelberg-Moscow 76Ge)
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Neutrinoless double beta decay, if observed, would prove neutrinos are their own 
antiparticles, differing only by their helicity

(Majorana’s hypothesis from the 1930’s)

Observation could provide the first determination of the neutrino mass if the 
nuclear matrix elements known

Is lepton number conserved? No! unless ‘new physics’
(Standard-Model-of-Particle-Physics consequences)

Intense efforts (and investments) are under way in search of this decay process
(Majorana 76Ge, Cuore 130Te, EXO 136Xe, GERDA 76Ge, NEMO Mo,Se, Heidelberg-Moscow 76Ge)

“The uncertainty in the calculated nuclear matrix elements for neutrinoless 
double beta decay will constitute the principle obstacle to answering some 
of the basic questions about neutrinos”   

               ––   J. Bahcall PRD 70, 033012 (2004)

In this work we take an experimentalist nuclear-physicists view on this and ask 
what we can do to address this uncertainty. Our focus: 76Ge,76Se 



Nuclear matrix elements (low on detail)
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If observed, 
this is known

Theoretical calculations 
(a problem)

The Holy Grail
(with small error bars, please)

 http://majorana.pnl.gov/
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An experimentalists’ rationale
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• There has to be a firm calibration of nuclear theory against 
measured properties of nuclear structure but…

Needs

Problem • …there is no suitable reaction that would simply resemble the 
n.m.e.’s for 0ν2β (e.g. double charge-exchange reactions are 
complicated multi-step processes)

Our rationale • Ultimately, the process must depend on the overlap between the 
initial and final ground state wave functions...

• Ingredients of the wave functions include how many / how few 
protons or neutrons exist in the ground states of parent and the 
daughter – we can measure this using single-nucleon transfer 
reactions



Single-nucleon transfer 

 Single-nucleon ADDING probes the 
EMPTINESS of the orbital, or the vacancy
– (cross section proportional to how many 

‘places’ available in the orbital)

 Single-nucleon REMOVAL probes the 
FULLNESS of the orbital, or the occupancy
– (cross section proportional to how many 

particles that are in the orbital)
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Cartoons courtesy of Peter Mueller, PHY Requires a few steps...
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Nuclear structure – Ge and Se
Shell model of the nucleus

(Nobel Prize for ANL scientist)

Four ‘active’ orbits for Ge and Se
0g9/2, 1p3/2, 1p1/2, 0f5/2
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Step 1: What we can measure
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Yield
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Gives us the the 

quantum number ℓ

e.g. 76Ge

e.g. d e.g. p

If we have performed our experiment appropriately we know the transfer can be 
considered a one-step process happening dominantly at the nuclear surface, 
populating single-particle states in the target nucleus…theory follows…

ℓ=4, ℓ=1, ℓ=1, ℓ=3 

The angular momentum 
‘transferred’(Written 76Ge(d,p)77Ge)
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Step 2: ‘Spectroscopic factors’: a model and an acronym

Spectroscopic factor: 
simply a measure of the 
overlap between the final 
state and the initial state 
plus/minus one nucleon

Distorted-wave Born 
Approximation, calulated 
cross section

Figure courtesy of S.J. Freeman, Manchester

An ideal shell-model nucleus
 versus reality
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Step 3: Macfarlane and French sum rules

vacancies occupancies+ valency of the orbit

Number of vacancies = ∑GS(adding)

Number of particles = ∑GS(removing)

We know S, simply the experimental cross 
section divided by the calculated cross section
G hides some details (spins and isospin)
(2J+1) for adding
1 for removing



Choosing a reactions, they do different things
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(p,d)

(α,t)
(3He,d)

(d,3He)
(t,α) 

(3He,α) (α,3He)
(d,p)76Ge

Four ‘active’ orbits for Ge and Se
0g9/2, 1p3/2, 1p1/2, 0f5/2

ℓ=4, ℓ=1, ℓ=1, ℓ=3 

(From slide 12, remember)
If we have performed our experiment appropriately we know the transfer can be 
considered a one-step process happening dominantly at the nuclear surface, 
populating single-particle states in the target nucleus…theory follows…

Perform in suitable energy regime: higher energy (e.g. > 6-10 MeV per nucleon) 
will minimise compound nuclear reactions

Different reactions favour different angular momentum transfer

Measure cross sections at, or near, the peak angular distributions
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3.5. Enge split-pole spectrograph 67

FOCAL PLANE

TARGET

UN-DEFLECTED 

TRAJECTORY

POLE PIECE 2

POLE PIECE 1

COIL

Figure 3.6: Schematic of an Enge split-pole spectrograph, showing the different paths
taken by ions of different angular momenta. One can clearly see the two pole pieces
and the coil which surrounds them both. Figure modified taken from [51].

particles which have small momentum differences. This is its resolving power and

depends on the magnification and momentum dispersion of the spectrograph.

The split-pole spectrograph at WNSL was designed to have a particularly large

acceptance: its limits are ±80 mrad in the horizontal plane and ±40 mrad in the ver-

tical plane, providing a maximum solid angle of 12.8 msr. A better resolution can be

achieved with a smaller aperture, but the trade off is lower statistics. For these ex-

periments it was possible to gain sufficient statistics with a moderately narrow aper-

ture. For Experiment I, it was chosen to be 3.2 msr. In Experiment II, two different

apertures were used: data taken from the June 2006 run implemented a 2.80 msr

aperture, whilst the February run made use of a 1.50 msr aperture.

Several papers detail the mathematics of the ion-optic properties of split-pole

spectrograph (for example [51]). Below is a brief discussion of some of these proper-

ties.

Table 3.2 shows the specifications of the Yale split-pole spectrograph which can be

Grand Raiden (GR)

Focal Plane
Detectors

0 1 2 3m

Focal Plane Detectors

Proton Beam
at 295 MeV

Large Acceptance
Spectrometer (LAS)

Scattering
Chamber

Dump-Q

0-deg. Beam Dump

Q1-FC

Beam Viewer

Beam Viewer

Focal Plane
Polarimeter

Halo Minotor

Where do you do this sort of stuff?

There are now only a few facilities 
world wide where it is possible to 
perform these experiments. 

As facilities look towards the future, 
studying nuclei far from beta stability, 
high-quality beams of protons, 
deuterons and alpha particles are now 
rare.

For the neutron work, we chose the 
Wright Nuclear Structure Laboratory at 
Yale University, home of an ESTU 
tandem Van der Graaff accelerator, plus 
an Enge split-pole spectrograph.

For the proton work, we chose RCNP at 
Osaka University. Capable of high-
energy polarised beams and home to 
the Grand Raiden spectrometer.



Neutron adding/removing (Yale University)
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(p,d)
(3He,α) (α,3He)

(d,p)76Ge Method

Performed all these reactions
p @ 23 MeV, d @ 15 MeV
α @ 40 MeV, 3He @ 26 MeV

To get absolute cross sections, 
normalised to a known cross 
section (Rutherford)

Measure cross sections a peak 
yields, determined before hand 
using DWBA

Reactions momentum analysed 
using Yale split-pole 
spectrograph

• Measure cross sections                  
(STATISTICAL + SYSTEMATIC)

• States identified by spin / parity      
(possible systemtic)     

• Do DWBA                                        
(SYSTEMATIC)

• Divide experiment / theory

• Now have absolute spectroscopic 
factors...these are not too 
meaningful                    
(SYSTEMTIC)

• Use a common normalisation to 
get relative spectroscopic factors     
(SYSTEMTIC - reduced) 
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optimal and thus the cross sections are rather weak.
Therefore, helium-induced reactions were used to obtain
data with improved momentum matching and larger cross
sections for the higher-‘ transitions. This selectivity is
illustrated in Fig. 1.

Deuteron, proton, 4He, and 3He beams from the Yale
tandem accelerator were used to bombard isotopically
enriched Ge and Se targets of about 200–300 !g=cm2

evaporated on thin, 50 !g=cm2 C foils. The momenta of
the reaction products were determined and the particles
identified with the Yale Enge spectrograph and gas-filled
focal-plane detector backed by a scintillator.

The product of target thickness and spectrometer solid
angle was found by measuring elastic scattering in the
Coulomb regime at 30! for each target used. The beam
energies used for this calibration were 6-MeV protons and
10-MeV " particles. For the transfer reactions, the same
spectrometer aperture and beam integrator settings were
used to minimize potential systematic errors. The beam
energies chosen were 15 MeV for the (d;p) reaction and
23 MeV for the (p;d) to keep the energies in each channel
comparable. Similarly, (",3He) was studied at 40 MeVand
(3He,") at 26 MeV. Measurements were also carried out on
targets of 74Ge and 78Se to provide an additional check.
The energy resolution obtained was "40 keV for the
deuteron and proton-induced reactions, and "70 keV for
the 3;4He reactions.

The (d;p) angular distributions have been studied pre-
viously and ‘ values were assigned [6,7]. In the current
work, the yields were therefore measured only at the angles
that correspond to the peaks in the angular distributions for
the ‘ values of interest: 11!, 28!, and 37! for ‘ # 1, 3 and
4, respectively. The helium-induced reactions are forward
peaked, and so the most practical forwardmost angles were
chosen: 8! for (", 3He) and 5! for its inverse. The previous

‘-value assignments [6,7] were confirmed, as may be seen
in Fig. 2. Our results also agree approximately with the
previous relative spectroscopic factors for states populated
with a particular target.

We used the finite-range code PTOLEMY [8] for the
DWBA calculations. The normalization depends on the
choice of the distorting potentials and the bound-state
parameters. The extracted relative spectroscopic factors
also vary with these choices, but by a smaller amount,
and this is a source of some of the uncertainty at the level
of a few percent. For the projectile bound-state wave
function, the Reid potential was used for the deuteron
and a Woods-Saxon one for the " particle and for the
various target bound states.

Absolute spectroscopic factors are notoriously difficult
to obtain. The values of spectroscopic factors for ‘‘good’’
single-particle states in doubly-magic nuclei are usually

-0.2 0 0.2 0.4 0.6 0.8 1
0

400

800

1200

1600

Excitation Energy (MeV)

C
ou

nt
s

2

4

1

3

1 2 3

76Se(p,d)
76Se(3He,α)

FIG. 1 (color online). Energy spectra for the neutron-removal
reactions for 76Se to 75Se. The ‘ # 1 transitions appear strongly
in the 11! (p;d) spectrum (points) while the ‘ # 3 and in
particular ‘ # 4 are most prominent in (3He;") (line) where
the resolution is worse because of the higher energy. The ‘
values are indicated by numbers above the peaks.
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FIG. 2 (color online). Ratios of cross sections,
#d;p$28!%=#d;p$37!% vs. #d;p$11!%=#d;p$37!% on top and
#";3He=#d;p$28!% vs. #d;p$11!%=#d;p$37!% below, are shown for
different ‘ values and reactions. The symbols, one for each state,
indicate the ‘-value assignments from previous work: triangles
(black) are ‘ # 1, circles (green online) are ‘ # 3, and stars (red
online) are ‘ # 4. In addition, states not included in the analysis
are ‘ # 2 transitions indicated by & and ‘ # 0 by ' signs.
States with unknown ‘ values are indicated by hollow circles.
The size of the symbols is a rough measure of the cross sections.
The dashed lines indicate the loci of the ratios for well-
established ‘ values. The & surrounded by a circle, between
the ‘ # 2 and 3 islands in the lower box, is the 500-keV
5=2'-5=2( doublet in 77Ge discussed in the text.
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(EXP.) J.P. Schiffer et al. PRL 100, 112501 (2008)
(A) QRPA calculation. Rodin et al, private comm. Method see NP A766, 107 (2006)
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(EXP.) J.P. Schiffer et al. PRL 100, 112501 (2008)
(A) QRPA calculation. Rodin et al, private comm. Method see NP A766, 107 (2006)

(B) QRPA calculation. Suhonen et al, private comm. Method see PLB 668, 277 (2008)
(C) Shell-model calculation. Caurier et al, private comm. Method see PRL 100, 052503 (2008)
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(EXP.) J.P. Schiffer et al. PRL 100, 112501 (2008)
(A) QRPA calculation. Rodin et al, private comm. Method see NP A766, 107 (2006)

(B) QRPA calculation. Suhonen et al, private comm. Method see PLB 668, 277 (2008)
(C) Shell-model calculation. Caurier et al, private comm. Method see PRL 100, 052503 (2008)

Using Macfarlane-French sum 
rules  extracted vacancies

Many consistency check 
performed in the normalisations

Neutrons from three orbits are 
changing substantially between 
76Ge and 76Se
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Proton adding/removing (Osaka University)
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(A) QRPA calculation. Rodin et al, private comm. Method see NP A766, 107 (2006)
(B) QRPA calculation. Suhonen et al, private comm. Method see PLB 668, 277 (2008)

(C) Shell-model calculation. Caurier et al, private comm. Method see PRL 100, 052503 (2008)
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(C) Shell-model calculation. Caurier et al, private comm. Method see PRL 100, 052503 (2008)

(same comments as for the 
neutrons)

Using Macfarlane-French sum 
rules  extracted vacancies

Many consistency check 
performed in the normalisations

Neutrons from three orbits are 
changing substantially between 
76Ge and 76Se
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The final picture...



An attempt to focus the theoretical community by providing possible ingredients for 
the calculation of the nuclear matrix elements. It is not clear what impact or 
implication these will have. It should help constrain the models. They have been 
well received.

Note there are other considerations e.g. pairing correlations; we have performed 
the neutron-pair removal reaction on these nuclei, hope to see the proton-pair 
adding (3He,d) reaction done soon (December 2008).

The internal consistency of these results perhaps constitutes the most quantitative 
test of the sum rules in single-nucleon transfer.

Possible to do for other systems e.g. the 130Te / 130Xe system (Berkley group 
interested)

25

Conclusions

Pairing correlations in 76Ge and 76Se –– S.J. Freeman et al. PRC 75 05130(R) (2007)
Valence neutrons in 76Ge and 76Se –– J.P. Schiffer et al. PRL 100, 112501 (2008) 
Valence protons in 76Ge and 76Se –– B.P. Kay et al. Submitted to PRC(R) 10/22/2008
See arXiv:0810.4108 [nucl-ex] for preprint
ALL our data are on-line www.nndc.bnl.gov/XUNDL (nearly)
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